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HIGH-SPEED TESTS OF A MODEL TWIN-ENGINE LOW-WING TRANSPORT
AIRPLANE

By Joex V. BEcker and Lruoyp H. LEONARD

SUMMARY

Force tests were made of a Yi-scale model of a twin-
engine lowwing transport airplane in the NACA 8-foot
high-speed tunnel to investigate compressibility and in-
terference effects at speeds up to 4650 miles per hour. In
addition to tests of the standard arrangement of the model,
tests were made 'with sereral modifications designed to
reduce the drag and fo increase the erifical speed.

The results show serious increases in drag at eritical
Mach numbers ranging from about 0.47 to 0.60 due fo
the vecurrence of compressibility burbles on the standard
radial-engine cowlings, on sections of the wing as a result
of wing-nacelle interference, and -on the semiretracted
main landing wheels. The eritical speed at which the
shock occurred on the standard cowlings was 20 miles per
hour lower in the presence of the fuselage than in the
presence of only the wing. The drag of the complete
model was reduced 26 percent at 300 miles per hour by
completely retracting the landing gear, fairing the wind-
shield irregularities, and substituting sireamline nacelles
(with allowance made for the proper amount of cooling-
air flow) jfor the efandard nacelle arrangement. The
values of the critical Mach number were considerably in-
ereased as a result of the afore-mentioned tmprovements.

INTRODUCTION

The principal purpose of the reported tests was to
investigate the effect of compressibility on the drag of
the component parts of a representative large airplane
and on the over-all drag of such an airplane. The in-
fluence of interference on compressibility effects was
also to be studied. In addition, it was proposed to
test several modifications of the standard component
parts that gave promise of an improvement in aerody-
namic characteristics.

The size of the NACA 8-foot high-speed tunnel made
possible for the first time the testing of a complete
Y-scale model at speeds up to 450 miles per hour. A
widely used transport-type airplane whas represented.
The results of high-speed tests of various windshield
arrangements on the same model have been presented
in reference 1. . .

Previous high-speed tests in smaller wind tunnels have
been concerned mainly with isolated bodies, particularly
airfoils (references 2 and 3) and cylinders of fundamen-
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tal shape (reference 4). A typical wing-nacelle combi-
nation with several cowling shapes was tested at high
speeds in the investigation reported in reference 5.
All these tests showed that, when the maximum loeal
velocity near the surface of the body exceeded the loeal
velocity of sound, a compression shock formed, resulting
in a precipitous increase in drag coefficient with further
increase in"speed. The sea-level flight speed at which
this phenomenon occurs may be as low as 300 miles
per hour for a bluff body such as a sharp-edge radial-
engine cowling (reference 5) or as high as 650 miles per
hour for thin airfoils (reference 3), depending on whether
the peak local velocity is much higher or only slightly
higher than the fiying speed. Reference 6 shows that
the critical speed at which the shock occurs can be
satisfactorily estimated from the peak local velocity
on the bady as computed from Ilow-speed pressure
measurements or from potential-flow theory. .

The critical speeds of the various airplane component
parts may be considerably lower in flight than the
critical speeds indicated in tests of any one of the iso-
lated parts because of mutual interference between the
parts. Reference 6 suggests a2 method of estimating the
effect of interference between two or more hadies from
the measured or the theoretical pressure fields of the
isolated bodies. The present tests provide a means of
checking this method because critical speeds were ob-
tained on several of the component parts alone and in
combination.

The interference effect of the propeller slipstream on
eritical speeds is small at high flight speeds. In the
present tests, which were made without propellers, the
critical speeds of parts located in the slipstream may be
reduced by the amount of the propeller slip.

The low turbulence level in the 8-foot high-speed
tunnel (reference 7) permits extensive low-drag laminar
boundary layers to be maintained on smooth models.
Equally extensive laminar layers generally do not exist
in flight on present-day aircraft owing to the effects of
surface Irregularities and high Reynolds numbers
(references 8 and 9). DBecause the condition of the
boundary layer has a large influence on the magnitude
of the drag and the interference of the various airplane
components, a speeial technique was employed during
part of the present investigation to make the boundary
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layers similar to those existing in flight. The locations

of the transition from laminar to turbulent boundary

layers were fixed near the leading edges of the various
component parts by means of small-diameter thread
doped to the surface. The results glven in the tables
and the figures reproduced with the main body of this
report and labeled ‘with fixed transition’” are thus
quantitatively applicable to flight conditions, if the
usual scale-cffect corrections are made. In many cases,
the results obtained on the smooth model and labeled
“with natural transition’” are given for comparative
purposes. It has been found that, for this investiga-
tion, the results from the smooth models are suitable
for qualitative comparisons. For example, the relative
merit of various nacelle arrangements would be the
same in flight as in the tests on the smooth model.
The critical speed at which the compressibility shock
occurs is independent of the state of the boundary layer

as long as the boundary-layer changes do not cause.

serious changes in the flow outside the boundary layer.
All the results given in this report are thercfore perti-
nent with regard. to the indication of critical speed.

A detailed discussion of the effeet on drag and inter-
ference of the location of boundary-layer transition is
given in a short appendix to the report.
factors are presented by which all the nacelle-drag
data obtained on the smooth model may be reduced to
the “fixed transition” or estimated flight condition.

The tests were conducted at Langley Memorial
Aeronautical Laboratory in 1938,

LIST OF SYMBOLS
airspeed
dynamic pressure (1/2pV2)
speed of sound m alr, mlles per hour
(33.5v/160+%) )
air temperature, °F
Mach number (V/a)
Reynolds number (Ve/v)
mean aerodynamic chord, 1.44 feet
kinematic viscosity
area of partial-span model wing enclosed in
tunnel, 12.05 square feet
area of full-span model wing, 15.42 square feet
area of model tail surfaces, 4.56 square feet
maximum cross section (0.267 sq ft for a single
nacelle; 0.964 sq ft for the fuselage)
absolute drag coefficient based on maximum
cross section of nacelle or fuselage
absolute drag coefficient based on area Sy
absolute drag coefficient based on area Sy
Crg  absolute Lift coefficient based on area S
Cry,  absolute lift coefficient based on area Sy
[Iift, of model+¢(Sy—S) (Cpy of wing n.lono):l
aSw .
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M3, pitching moment about quarter-chord point of
mean aerodynamic chord

Coe =Man

s |
o angle of attack referred to chord line of wing,
. degrees

e nacelle angle of attack referred to thrust axis,
degrees

Q quantity of air flow through single cowling,

cubic feet per second
Ap pressure drop across engine baffle plate, pounds
per square foot

K conductance ( PV Ap /g)
c coefficient of mean skin friction
(moan skin friction per unit area)
g
APPARATUS

The NACA 8-foot high-speed tunnel in which the
tests were carried out is a single-return, circular-section,
closed-throat wind tunnel. The airspeed is continu-
ously controllable from about 75 to more than 500 milcs
per hour. The turbulence of the air strcam as indi-
cated by transition measurements on airfoils is un-
usually low but somewhat greater than in free air.

The model employed in the tests is a 4-scale repro-
duction of a modern transport airplane, which was
chosen for convenience as being representative of large
present-day airplanes. The general arrangement and
dimensions of the model and the several variations
tested are shown in figure 1. Figure 2 shows the stand-
ard model installed in the wind tunnel. The setup
was unusual in that the outer portions of the wing ex-
tended through the tunnel walls and served as the
means of support for the model. The tip sections not
reproduced represent about 22 percent of the total wing
area. This system permits the model seale to be much
larger than for the usual arrangement and still allows a
valid comparison of the effcets of the component parts.
The relatively larger forces cnable & more accurate
determination of the effects of the various parts. The
method of support minimizes tare forces and also pre-
cludes the possibility of compressibility inferference be-
tween the strut supports and the model.

The model was so constructed as to permit removal
of all component parts; the cffects of cach part could
therefore be individually studied.

Wing.—The constant-chor¢ center section of the
model wing (figs. 1 and 3) is of NACA 2215 airfoil
section. The tapered portions are deereased in thick-
ness to the NACA 2212 scetion at a station 50.58 inches
outboard the center line of the model.  The wing profile
was found to conform closcly to the specified ordinates
and the surface is aerodynamically smooth.
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Wing-tip form of
acnf&l airplane f *’/

725

Normal afferbody

. jBeaver—fad
fferbody

96.68

Form of fuse/age ’
-with fail group re-
moved

Low posifioh

position " Improved mode!

FIGURE 1.—Qeneral arrangement and dlmensions (in.}:of the standard model and
the medifications tested.

FlGURE 2. —Front \lew of the standard model monnted in the NACA &foot high-
speed tunnel.

Fuselage, fillet, and tail group.—The fuselage details
are shown in figures 1,4, and 5. The nose sections and
a section at the rear are removable so that alternate
nose and tail arrangements can be tested. Before
each series of tests, the fuselage surface was filled,

FIGTRE 4. —I)cta.lls of fuselage w[th standard windsh!cld n.nd ﬁlh.-f. btanda.rd
nacelles in low position.

I-‘mun.l 5. —Detaﬂs of tafl group, mﬂ wheel, and fllet.

spray-painted, and finished with fine sandpaper and

polish.
The fillet was of the expanding type with i mcreasmg

radius of curvature toward the rear.
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F1auRe 6,—Nacelle detalls, Standard cowling, normal position. Dimenslons in

Fiovre 8.--Standard nacelle in low position.

The tail group is shown in figure 5. Unclassified
synumnetrical airfoil sections were used. The horizontal
tail tapers in thickness from about 10Q to 6 percent and
the vertical surface from about 8 to 6 percent. The
usual breaks in the surface at control-surface hinges
are not represented.

Nacelles.—The nacelle shown in figure 6 is a }4-scale
model of the normal 56-inch-diameter installation en-
closing an 850-horsepower single-row radial engine.

The exterior of the model nacelles is free of scoops, |

vents, and irregularities due to the landing gear.
The wing has a chord of 21.25 inches and a thickness
at the point of nacelle attachment of 3.19 inches.
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The fore-and-aft location of the nacelles was maintained
constant in all the tests; the propeller plane was 42
percent of the chord ahead of the leading edge. The
nacelle axes were inclined —2° with reference to the
wing-chord line and were parallel to the fuselage refer-
ence line. The nacelles were tested in high and low
positions for which the thrust axis was moved vertically
9 percent of the chord to make the nacelle tangent to
the lower and the upper surfaces of the wing. For

FIGURE 10.—Nwellés with -beavcr-tnﬂ afterbodics. Normal poaition. Exit slot
covered.

these positions, it was necessary Lo modify the fairing
of the afterbody. Tigures 1, 7, 8, and 9 show the
fairing details for the three positions; table I gives the
principal ordinates for the three afterbodics and for
the standard cowling. Inner and outer positions of
the nacelles were also tested; the nacelles in their
normal vertical position were moved 21 pereent of the
nacelle diameter in a spanwise direclion.

A beaver-tail afterbody shape was tested with the
nacelles in the normal position. This modification did
not change the side-view profile but made the nacelles
rectangular in plan view. (See figs. 1 und 10.)
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FIGURE 12.—Detafls of streamline nose replacing standard windshield.

Modifications to the standard cowling consisted in
covering the exit slot between the cowling skirt and the
inner cowling (figs. 6, 9, and 10) and the substitution
of a streamline nose for the standard cowling. The
streamline nose (fig. 1 and table I) was derived from
NACA streamline form 111 (reference 10) for a fineness
ratio of 4. The streamline nose was tested with the
same afterbodies as the standard cowling. Combina-
tions employing the streamline noses are hereinafter
called streamline nacelles; and those employing the
standard cowling are called standard nacelles, regardless
of nacelle location,

The flow of air through the standard cowling was
regulated by a baffie plate simulating the radial engine.
The plate was perforated by one hundred ¥%-inch holes,
providing a conductance K of 0.08. The correspond-
ing pressure drop Ap/g across the baffle plate was com-
puted by the method of reference 11 to be 0.80; and the
flow quantity @/FV", to be 0.072.

Additional tests with no air flow were made with all
the' holes closed, that is, with K=0, and also with
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(a) Front view.
(b) Threequarter view.

Frotre 13.—Improved model.

alternate holes closed, for which K=0.04, Ap/¢=1.00,
and Q/FV=0.04.

On the model, as on the actusal airplane, no provision
is made for the control of cooling air by means of vary-
ing the width of the exit-slot opening. 1In all the tests
with cooling-air flow, the width was 0.25 inch. In some
of the tests without cooling air, the exit was covered, as
has been described. No provision was made for cooling-
air flow in the streamline nacelles. o

Landing gear.—Details of the semiretracted landing
gear are shown in figures 5 and 11. Unlike the full-
scale installation, the inside of the wheel-well openings
on the model was closed off from the interior of the
nacelles. _ - -

Improved model.—The most effective modifications
to the model were combined in what is called the im-
proved model. The standard windshield and cockpit
fairings were replaced by a streamline nose (figs. 1 and
12) in which the irregularity due to the windshield was
completely faired out. The stresmline nacelles were
employed and the wheel and the wheel-well irregular-
ities were completely removed. The improved model
is shown in figure 13.
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TESTS :

The tests consisted in the measurement of lift, drag,
and pitching moment at, speeds ranging from 140 to
450 miles per hour. The tests could be carried beyond
maximum lift at 140 miles per hour; but, at higher
speeds, strength limitations determined the lift co-
efficient to which the tests could be extended. Thus,
at 450 miles per hour, a lift coefficient of 0.2 was the
greatest that could be obtained.

Tests were made of the wing alone and of the combi-
nations necessary to obtain the following data:

1. Effective nacelle drag (without fuselage) with the
various modifications to nacelle shape, nacelle location,
and cooling-air flow. (“Effective drag” is herein de-
fined as the difference in total drag measured with and
without the part in questfon.)

2. Interference between nacelles and fuselage for all
nacelle positions, with and witheut the tail group

3. Effective drag of fuselage and fillet with standard
and faired windshield

4. Effective drag of tail group

5. Interference between tail group and nacelles

6. Effective drag of fillet and interference between
fillet and tail group

7. Effective drag of semiretracted landing gear:

(a) Main wheels
(b) Tail wheel

For the most important configurations, tesis were
made both with natural transition and with transition
fixed at 10¢ percent of the wing and the tail chords and
near the noses of the streamline nacelles. A number
of the tests of the nacelles were made only with smooth

models.
RESULTS

The method of computing the airspeed, the Mach
number, and the Reynolds number in the 8-foot high-
speed tunnel is described in reference 12. According
to standard practice, the true, rather than the indicated,
dynamic pressure was used in computing coefficients
from the force tests; the coefficients thus directly indi-
cate any compressibility effects.

The greater part of the drag results is in the form of
effective drag coefficients, which are herein defined. as
the difference in the total drag coefficients determnined
with and without the part in question. This difference
in drag coefficient was computed at fixed angles of at-
tack rather than at given lift coefficients, as is usually
done in three-dimensional-flow setups. The choice of
angle of attack as the independent variable was dictated
by the fact that compressibility effects are governed
primarily by the attitude of & bady and not by the net
lift of the body in combination with other shapes.
Furthermore, the induced-drag changes due to small
changes in lift are minimized in a setup such as the
one employed in these tests, which was approximately
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two-dimensional. As a matter of fact, at suberitical
speeds the effective drag as obtained at s given attitude
was found to be almost exactly equal to that computed
at a fixed lift coefficient.

With the model attitude fixed, comprosmbxhty effeets
are a function of Mach number which is the flow-
similarity index for compressible flow and has a signifi-
cance similar to that of the Reynolds number in viscous
flow. The results of these tests are accordingly plotted
either as a function of Mach number for a particular
attitude or as a function of angle of attack at a given
Mach number.

If the air temperature is known, the mirspeed, in
miles per hour, corresponding to a given Mach number
can be directly computed from the relation

V=Ma=33.56M~/460+¢

The effective drag of the various component patis
of the airplane is presented in figures 14 to 27. It will
be noticed that the nacelle-drag data given in figures
15 to 21 were obtained only with natural transition on
the smooth models. As previously stated, these data
are not quantitatively applicable to flight conditions
where extensive laminar layers do not exist, unless the
correction factors developed in the appendix are ap-
plied. Figures 15 to 21 as they stand are intended to

| show critical speeds and to permit qualitative compari-

sons of the various arrangements.

The contribution of the various component parts to
the total drag of the standard and the improved models
is shown in figures 28 and 29. The percentage drag of
the various parts is summarizéd in table II for the con-
ditions of both natural and fixed transition. The drag
of the complotv standard model and the improv cd
model is shown in figure 30.

The effect on lift of the various components is gwen
in figure 31 for three representative speeds. The na-
celles in the high and the low positions, respectively,
increased and decreased the lift at a given attitude.
The addition of fuselage and tail decreased the lift at
angles below 2° and increased the slope of the lift curve.

The pitching-moment coefficients computed about
the quarter-chord point of the mean aerodynamic
chord (approximate center-of-gravity location of actual
airplane) are given in figure 32 for the complete models.
There were no marked (ompressibility effects. Correc-
tion for the tip sections of the wing omitied on the
model would make the values of dCu/da more negative
than indicated from the figure.

Figures 33 to 36 in the appendix show the effect of
the location of the boundnry-layer transition point
on nacelle drag; figures 37 and 38 give factors for cor-
recting the nacelle-drag data obtained with natural
transition (figs. 15 to 21) to the fixed-transition condl-
tion.
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PRECISION

The force-test results are uncorrected for tunnel-wall
_effects with the exception of the effective fuselage drag,
to which a buoyancey correction of about 5 percent was
applied. The effect of buoyancy on the wing and the
nacelle drag was negligible. The interference at the
juncture of wing and tunnel wall could not be deter-
mined but apparently did not seriously affect the wing
drag, which is of the right order of magnitude. The
inflow over the ends of the wing due to leakage at high
lifts made the determination of meximum lift rather
doubtful.
extend only to C,=0.6. The jet-boundary effect on
critical speed is considered secondary because the frontal
area of the model is only 6 percent of the jet area.

DISCUSSION
NACELLE DRAG

Interference between nacelles on wing without fuse-
lage.—For the sake of accuracy, most of the nacelle-
drag data were.obtained with two nacelles, normally
spaced four diameters apart, on the wing without the
fuselage. There was a slight interference between the
nacelles (fig. 14) amounting to ACpy=0.005, which was
approximately constant throughout the speed and the
angle-of-attack ranges. The drag data obtuained with-
out the fuselage should be reduced by this amount if
comparisons with tests employing & single nacelle are
mede. As previously stated, the results shown in
figure 14 obtained with fixed transition on the model
wing (transition on the standard nacelles occurred
naturally at the point of sharpest curvature of the
nose) are applicable to flight conditions after suitable
Reynolds number corrections have been made, The
nacelle drag shown in figures 15 to 21 was much higher
than thet shown in figure 14. This increase is due to
the fact (sec appendix) that these results (figs. 15 to 21)
were obtained on smooth models with natural transi-
tion; they are presented only to show critical speeds and
to permit qualitative comparisons.

Nacelle critical speeds.—The critical speed, at which
the effective nacelle drag coefficient begins to increase
abnormally, is affected by any factor that changes the
ratio of maximum local velocity to stream velocity.
The principal factors are angle of attack, interference
effects, and cooling-air flow. Figures 15 and 16 show
that the influence of these variables results in a range
of critical speeds for the standard nacelles from about
M=0.47 to beyond the range of the tests. The rate
of increase of drag beyond the eritical speed is generally
so severe that the top speed of the airplane could not
economically be much greater than the critical speed of
the nacelles. As previously discussed, the critical flying
speed corresponding to the critical value of M depends
on the air temperature. Thus, at high altitudes where
low temperatures are encountered, the flying speed at
which the shock forms will be lower than at sea level.
Since airplane top speeds tend to increase with altitude,

The data shown in this report thercfore
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the danger of encountering serious compressibility ef-
fects is vei‘y real. At 15,000 feet in standard atmos-
phere, for example, t=5° F and =723 miles per hour,
The critical flying speed corresponding to the lowest
critical Mach number for the nacelles, 0.47, would be

V=M, X a=_3840 miles per hour

The results of reference 11 show that the effect of the
slipstream of a conventional tractor propeller on the
velocity distribution over a good cowling is slight for
the high-speed condition. In some instanees, the effect
of the propeller slightly increased the maximum local
velocities but in others the peak velocity was decreased.
It appears conscrvetive to assume that the peak
velocity will be increased by the umount of the propeller
slip. In the absence of pertinent propeller-test data, the
slip in the present application was estimated from the
power requirements at 3{=0.50. When uniform thrust
distribution was assumed along the blade, the computed
slip velocity immediately behind the propeller was 0.021,
In order to allow for the fact that the actual thrust dis-
tribution is not uniform, this value was increased by 50
percent, giving an estimated maximum slip velocity of
0.03V. The critical Mach numbersshown herein for the
nacelles and the wheels may therefore be reduced by
about AM=0.03 owing to tractor-propeller interference.

If the effect of angle of attack on critical speeds is
next considered, it can be scen from figure 15 that the
critical speeds at a=—2° (nacelle angle of attuck
a,=—4% to flight path) were markedly lower than at
a=0° (ay=—2°. According to reference 5, this effect
is due to an increase with angle of attack of the peak
local velocities at the cowling nose.  The minimum peak
velocity oceurs when the nacelle axis is parallel to the
flight path. Extrapolation of the results of figure 15
shows that, by a proper alinement of the nacelles, the
critical speed would be advanced beyond the range of the
test speeds. This result emphasizes the fact {(discussed
in more detail in reference 5) that, for high-speed flight,
the nacelle axes must be alined with the relative wind.

A secondary effect of the propeller slipstream would
be to alleviate the indicated effects of angle of attack
on nacelle critical speeds. This effect is undoubtedly
small and ean conservatively be neglected.

The effect on critical speed of vertical location of the
standard nacelles (figs. 15 and 16) is probably due to
the change in lift with nacelle location. With the
nacelles in the low position, the lift of the combination
was decreased, thereby increasing the downflow at the
cowling nose, which was already operating at & negative
angle. The effective angle of attack was thus aug-
mented and the critical speed for the low position was
made lower than for the normal position. The lift
was increased with the nacelle in the high position and
the accompanying upflow at the cowling nose slightly
decreased the effective negative angle of the nacelle;
the critical speed was thereby advanced beyond that
of the normal position.
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The effect of the fuselage (figs. 15 and 16) was to
lower the critical speeds of the standard nacelles by an
average of about AM=0.08, or 22 miles per hour at
15,000 feet. Presumably, this decrease is due to the
increase in velocity at the nacelle caused by the flow
about the fuselage. Within the accuracy of measure-
ment, there were no consistent changes in this inter-
ference effect with cither nacelle location or amount of
cooling-air flow. This result emphasizes the necessity
of suitably modifying, for interference effects, the criti-
cal speeds obtained from tests on isolated bodies. In
the absence of specific high-speed test data, an approxi-
mation to such interference effects can usually be made
(reference 6) by substituting for the source of inter-
ference an idealized shape about which the theoretical |
velocity distribution is known. For example, one of

the bodies of revolution of reference 10.0of comparable

Standerd nacellrs with cooling air.  'Wing with natural transition. {In preserice of {uselage.)
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Figure 21.—Comparilson of nacells drag for seversl modifications. Nacelles In
normel position; wing with natural transition; Re=2,550,000; M =0.28,

dimensions could be substituted for the fusclage. Tho
peak local velocity of the wing-nacelle combination is
then assumed fo be increased by the velocity increment
at the nacelle due to potential flow about the fuselage
alone. The critical speed corresponding to the result-
ing peak velocity can be obtained from the relation
given in reference 6. The interference effect of the
fuselage on A, was computed by this method to be
0.025 as compared with the test result, 0.030.

The critical speeds for three variations in the amount
of cooling-air flow are shown in figure 17. The highest
critical speed oceurred with the largest amount of cool-
ing-air flow. As discussed in reference 5 the admission
of air into the cowling tends to relieve the external
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velocity pesk at the cowling nose, thereby advancing
the critical speed. It will be subsequently shown that
these slight gains in critical speed are obtained at the
expense of an excessive amount of cooling-gir flow for
high-speed conditions and that the resulting high
nacelle drag is & more serious consideration than the ad-
vance in eritical speed. More effective means of ad-
vancing the critical speed are proper alinement of the
nacelle and reduction in the curvature of the cowling
nose, as discussed in reference 5. The nacelle drag
th.roughout the speed range is reduced by these modi-
fications.

The critical speed of the streamline nacelles (fig. 18)
was beyond tlie highest test speed, which corresponded
to Af=0.58. The theoretical velocity distribution
about 2 similer body indicates 2" value of AL, greater
than 0.80 for the exireme attitude tested (a,=—4°).
The abnormal increase in drag in the low position for
a=—2° is probably due to the formation of & compres-
sion shock on the lower surface of the wing as a result
of interference at the wing-nacelle juncture. The theo-
retical excess velocities on wing and nacelle for this
attitude when added indicete a critical A1 of 0.56,
which is in good agreement with the test results (ﬁg
18 (b)). The ndditional interference effects of the fuse’
lage lowered the critical M to roughly 0.54. In the
high and the normal positions, the effect of increase in

lift over the lift in the low position sufficiently reduced .

the local velocities on the lower surface of the wing to
delay the shock on the wing to beyond the range of
test speeds.

The effects of lateral location (fig. 19) on critical
speed were small. In general, the inner position had
slightly lower eritical speeds than the normsal and the
outer locations owing to the increased fuselage inter-
ference effect.

Nacells drag at suberitical speeds.—The normal
nacelle location had the lowest drag of the three vertical
locations for both the standard and the streamline
nacelles (fig. 20). The high position had the highest
drag. Of the lateral locations (fig. 19), the drag with
the normal position was less than that with the inner
position and equal to or less than that with the outer
position. The relative merit of the positions did not
chenge with nacelle attitude or with speed.

Consideration should be given to the effect of the
propeller on the efficiency of the various nacelle loca-
tions. As previously mentioned, the effect of the pro-
peller slipstream at high speeds is smell and of the same
order of magriitude for all positions. More important
is the variation of propulsive efficiency with position.
No test data are available for small vertical displace-
ments, but the results of reference 13 for large changes
in nacelle location were interpolated to estimate the
effects. The indicated propulsive efficiency for the
normal position is 1 percent greater then for the high
position but % percent lower than for the low position.
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Inasmuch as the low position of the nacelles would in-

crease the drag of this airplane by 2 percent, the %-
percent gain in thrust at a given speed would be more
than offset. There were no appreciable differences in
maximum lift for the various nacelle locations. The
relative merit of the nacelle positions is therefore un-
changed by consideration of propeller effects and maxi-
mum lift; the normal position is preferable to all others
investigated. '

The drag due to cooling-air flow through the standard
nacelles amounted to more then one-half the total
nacelle drag (fig. 21). The increment due to cooling
was approximately constant for ell test conditions; the

average value was 0.057, which agrees well with the

data of references 11 and 14 for similar conductance
and exit opening. As figure 21 shows, a part of this

increment is due to the surface discontinuity at the @
exit opening. because, with the air stopped but with

the exit slot open as is usual, the drag-coefficient incre-
ment due to the exit slot alone was 0.011.
in references 11 and 14, however, the drag‘variations
with changes of the exit opening are properly included

in the cooling drag because the usual and the most
efficient method of controlling the coo].mg-mr ﬁow is to L

vary the width of the exit-slot opening.
The Iarge saving in nacelle drag that may be eﬂ'ected
by passing exactly the correct amount of cooling air

Ll

Asisshown

through the cowling &t every speed by means of a

variable exit-slot opening has been fully discussed in
references 11 and 14. On the airplane under considera-
tion; the fixed exit slot provided sufficient cooling pres-
sure drop at about 140 miles per hour but, as the speed

was further increased, the amount of cooling air and

the corresponding drag became increasingly excessive.

At AM=0.30, the design high speed, and with the exit

slot properly reduced in size, the computed increment
to nacelle drag for sufficient cooling is 0.009 (reference
14, K=0.08), resulting in a total necessary nacelle
drag of only 0.045 instead of the measured value, 0.093.
(Fixed transition, a=0°, fig. 22.) The excessive cooling
drag amounted to about 7 percent of the total mrplane
drag at A4=0.30 and emphasizes the necessity of using
cowling flaps or a similar means of controlling the flow of
cooling air at high speeds.

A comparison of the nacelle drags with the normal

and the beaver-tail afterbodies is also shown in figure 21.
The differences were smell.

In figure 22 is shown & comparison between the
standard and the streamline nacelles applicable to

flight conditions, that is, with transition fized on nacelles

and ng _ Only the effects of nose shape are compared;
there is no cooling-air flow and no exit slot for the
standerd nacelles. The drag of the streamline nacelles
decreases from about 10 percent less than that of the
standard nacelles at £=1,000,000 to abouf 30 percent
less at #=4,000,000. Reference 5 shows that the drag
of NACA cowled nacelles can be materially reduced by
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decreasing the curvature of the cowling nose. It there-
fore appears that, if the standard cowling nose in the
present tests were replaced by a better nose shape, such
as C of reference 5, the streamline nacelles would have
little advantage over the standard nacelles in the low
08 : / Reynolds number range of these tests. Apparently, at
, low Reynolds numbers, the increase in wetted arca of
/ the streamline nacelles nearly offsets the reduction in
06 form drag. At high Reynolds numbers, the reduction
/ in form drag with the streamline nose would probubly
—1 | | -/ be greater than the differences in skifi-friction drag,
.04 : giving the streamline nacclles greater advantage over
™ 11— - the best possible NACA cowling shape.
The presence of the fuselege exerted a consistently
Stardord nocalles - | unfavorable interference effect on nacelle drag (figs.
o L (b) -—-—=—=— Slreomline _= 15, 16, and 18).
An unexpected small increase in effcctive nacelle
0 drag occurred as a result of interference between the
.08 nacelles and the tail group (fig. 23). The drag of the
tail group, with and without nacelles, is also shown in
the figure to verify the nacelle-drag results. This
01 / effect may be due to disturbance of the extensive
T s S - laminar boundary layer of the tail by spreading turbu-
S . lence from the nacelles and, if so, would not exist in
.02 - - | flight. Observations of & very thin dust pattern re-
(&) maining on the tail surfaces after lengthy high-speed
| runs indicated that the laminar flow extended in some
0 N7 20 30 70 50 50 instances as for back as 70 percent of the tail chord
M except in the immediate proximity of the fuselage.
g’,’, ::fzf,"';;:ﬂ;)‘ In the conclusion of the discussion of nacelle drag,
it should be pointed out that the optimum conditions

FlotRE 22 —Comparison of nacelle drag with standard cowling (exit slot covered, . oo . . .
K=0) and with streamline nose. Fixed transition on nacelies and wing. for high critical speed, alinement with the relative
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wind and small curvature of the cowling nose, also
permit the lowest nacelle drags at speeds below the
critical. Likewise, interference effects that increase
the local velocity at the nacelles not only lower the
critical specd but also increase the drag at speeds helow
the critical.

DRAG OF FUSELAGE AND FILLET

The drag of the fuselage and fillet with the standard

nose and windshield arrangement (figs. 1 and 4) and
with the streamline nose completely faired over the
windshield irregularity (figs. 1.and 12) is presented in
figure 24 as a function of both Mach number and angle
of attack. The critical speed was beyond the limit of
the tests. A serious effect of the fuselage, however, is
the lowering of the critical speed of the wing due to
interference at the wing-fuselage juncture. An esti-
mate based on the theoretical velocities about the
NACA 2215 wing and about a body of revolution of

general dimensions similar to those of the fusclage:

indicates a critical M of 0.60. If the additional veloc-
ity increment due fo a nacelle is also considered, the
critical A is reduced to 0.58.

The conventional windshield fairing added 21 per-
cent to the drag of the fuselage with streamline nose
(fig. 24, =0°, M=0.35). The effect of detailed inter-
mediate modifications is given in reference 1, where it
was found that the windshield drag can be reduced to
2 percent without completely fairing over the cockpit
enclosure; that recessed windows add 7 percent more
drag than flush windows; and that sharp edges add
from 2 to 14 percent more drag than rounded edges.

The effective drag of the fillet was negative at all
attitudes tested (fig. 25). There was a consistent
unfavorable interference between the fillet and the
tail group, probably due to increased velocities in the
region of the tail resulting from the improvement in
flow mnecar the fuselage. No compressibility effects
appeared to be associated with the fillet.

DRAG OF TAIL GROUP

The effective drag of the tail group (fig. 26) is com-
posed of the minimum profile drag of the vertical sur-
faces plus the profile and the induced drag of the hori-
zontal surfaces and the interference effects. Because
of the small Reynolds number and the thin sections of
the tail, extensive laminar boundary layers arc to be
expected. The low ‘minimum drag coecfficient with
natural transition is probably mainly due to these low-
drag laminar layers. The fact that the addition of a
0.003-inch thread at 10 percent of the tail chord in-
creased the minimum tail drag only 9 percent indicates
that these threads were not sufficiently thick to cause
a complete transition. This result is in agreement with
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the indication of the dust-pattern observations previ-
ously mentioned.

An inercase of Mach number made no appreciable
change in the effective tail drag. The airfoil sections
employed were somewhat similar to the NACA 0009-64
which, at low angles of atfuck, has a eritical speed
greater than Af=0.80 (rcfcrence 3). No marked inter-
ference effects on.critical speed should oceur, owing to
the low local-velocity inerements on the fuselage at the
tail location.

DRAG OF WHEELS AND WHEEL OPENINGS

" The high drag (fig. 27) of the main wheels in the
retracted position (fig. 11) was largely due to disturb-
ance of the flow about the afterbody of the nacelle.
The effective drag rapidly decreased as the angle of
attack was increased because the pressure gradient be-
came more favorable on the lowoer surface of the nacelle
and thereby counteracted the tendency of the wheels
to cause separation. The wheel openings elone had
the same general effect as the wheels, In the actual
airplane, the cffect of the openings would probably be
more serious as the inside of the opening is not closed
off from the interior of the nacclle.

The value of Af,, for the main wheels in the retracted
position was about 0.54. From a consideration of the
theoretical flow over a sphere, the A, of an isolated
wheel would be expected to be about 0.57 and, in con-
junction with the nacelle, to be about 0.53.  This result
is another illustration of the possibility of satis-
factorily estimating the interference effects on critical
speed by the method of reference 6.

The drag of the unretracted tail wheel was about
onc-fourtl: the drag of the retracted main wheels.
The critical speed for the tail wheel would be ex-
pected to be about Af=0.57, which was beyond the
range of the wheel-drag tests.

DRAG OF COMPLETE MODEL

A comparison of the effective drags of the vaerious
parts of the standard model is given in figure 28 and
table II. There were no appreciable changes with
speed in the drag of any of the component parts except
for the wheels and the nacelles, on which compressi-
bility shocks occurred. As previously discussed, the
drag of the nacelles with a properly regulated flow of
cooling air would be considerably reduced from the
values shown in figure 28, and the critical speed would
be slightly lowered. The large drag cost of the semi-
retracted landing gear, 10 to 14 pereent of the total
drag, is emphasized in the comparison shown in ﬁguro
28. The gear should be fully retracted and the openings
closed.
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Fieure 28.—Comparison of drag coefSclents of prineipal parts of the standard model.

Figure 29 shows that no shock occurred on any part
of the improved model in the range of the tests. The
theoretical pressure distribution over the root section
of the wing, modified for the interference effects pre-
viously discussed, indicates, however, that compres-
sion shocks will occur at the wing-fuselage and the
wing-nacelle junctures #t Mach numbers lower than
0.60. The critical Mach number of the wing alone
is theoretically 3{.,=0.63. It is therefore evident
that the airplane, even with the indicated improvements,
could not much exceed a value of Af of 0.60 without
suffering severe drag increases. A further advance
in critical speed would involve the use of a thinner

wing, of a wing of modified section, or, preferably,
of both. ) '

The drag-coefficient increment corresponding to an
assumed edequate flow of cooling air for maximum
power operation (pressure drop of 30 b per sq ft
across the engine) is also shown in figure 29.

flight speeds up to the highest obtainable with the
850-horsepower-engine installation (A£=0.30).
higher flight speeds, the maximum power output would
have to be increased and, as shown in figure 29, the

This
dreg was computed by the method of reference 14 for

At,-

cooling drag coefficient would be constant with speed

at about 2 percent of the airplane drag.
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Figure 29.—Comparison of drag coefclents of principal parts of the Improved model with faired windshield and atreamline nacelles.

Figure 30 shows the total airplane drag for the
standard and the improved models obtained by adding
the effective drag of all the parts, as shown in figures 28
and 28. The difference in drag between the standard
and the improved models includes only the drag due to
excessive cooling-air flow in the standard nacelles plus
the difference in drag between the standard and the
streamline nacelles with zero cooling eir, the drag of
the landing gear, and the drag of the windshield. A¢
a Mach number of 0.40, the improved model with fixed
transition had 25 percent less drag. The increases in

drag betwecn a=0° and a=—2° occurred as a result
of the increase in profile drag of all components due to
increase in misalinement with the relative wind.,

, At a Mach number of about 0.40, the effect of com-
pressibility on both models became sufficiently large
to overbalance the reduction in drag with speed due to
scale effect, the dreg coefficients starting to increase
slowly at this value of M. The results shown in
figure 30 for the fixed-transition condition can be
carrected for scale effect in the usual manner without
accounting for changes in transition location.
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CONCLUSIONS

The following conclusions appeer to be justified on
the basis of the data obtained from tests made of the
%-scale model of a twin-engine low-wing transport
airplane in the 8-foot high-speed tunnel:

1. The drag of a typical present-day transport air-
plane may be seriously increased at high speeds owing
to the formation of compression shocks on the radial-
engine cowlings at Mach numbers as low as 0.47 and
on parts of the wing and partly protruding landing
wheels at & Mach number of 0.54. The corresponding
flight speeds at 15,000 feet (5° F) are 340 and 390 miles
per hour. The estimated interference effect of the
slipstream of a conventional tractor propeller might
reduce these values by a Mach number of 0.03 or about
22 miles per hour. .

2. The critical speeds obtained on the complete

model were appreciably lower than the critical speeds’

of the isolated parts, owing to mutual interference
effects among the various parts.

3. Components such as the nacelles and the fuselage
should be alined with the relative wind in the high-
speed condition so that the local velocities will exceed
the general stream velocity by a minimum amount.
Realining the nacelles on the model tested would
advance the critical Mach number beyond 0.58.

4. The critical speed of the airplane can be advanced
from a Mach number of 0.47 to a Mach number of
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about 0.60 by the alterations suggested. A further
adveance would, however, require fundemental changes,
particularly the employment of a thinner wing or a
wing of modified section.

-5. The drag of the nacelles in the normal midwing
location was less than that in the high position (with
nacelle tangent to the lower wing surface), less than
that in the Iow position (with nacelle tangent to the
upper surface), and equal to or less than that in both
the inner and the outer positions tested. Not only
was the drag lowest for the normal position, but the
critical speed was higher than for the low and the inner
positions and virtually equal to the critical speeds in
the high and the outer positions.

6. The advantage of streamline nacelles over stand-
ard NACA cowled nacelles is small at low Reynolds
numbers but increases with Reynolds number because
a larger favorable scale effect occurs on the sireamlino
nacelles than on the standard nacelles.

7. Because of the lack of provision for regulation of
the cooling air with speed, the drag of the standard
nacelles was much greater than necessary.

8. The semiretracted landing gear contributed 12
percent to the drag of the complete model at sub-
critical speeds.

9. The fuselage with standerd windshicld accounted
for 25 percent of the total drag. Fairing the wind-
shield resulted in a decrease of 21 percent in fuselage
drag, or about 5 percent of the total drag at a Mach
number of 0.35.

10. The drag of the standard model was reduced 25
percent at a Mach number of 0.40 by removing the
wheels and the openings of the semiretracted landing
gear and by employing the streamline nacelles (with
the estimated drag due to adequate cooling-air flow)
and the fuselage with streamline nose.

LaneLEY MEMORIAL AERONAUTICAL LABORATORY,
NarroNaL Apvisory CoMMITTEE ForR AERONAUTICS,
LancrEY FieLp, V., February 14, 1840.



APPENDIX
THE EFFECT ON NACELLE DRAG OF THE LOCATION OF BOUNDARY-LAYER TRANSITION

In wind tunnels of low turbulence, the drag resulis
obtained on smooth models will be misinterpreted un-
less detailed consideration is given to the condition of
the boundary layer. The existence of extensive
laminsr boundary layers on smooth models makes the
relative drag of the wvarious parts greatly different
from the relative drag in flight and also makes im-
possible the employment of the ususl methods of seale-
effect correction based on the assumption thst no
appreciable laminar layers exist. The problem of
obtaining wind-tunnel results applicable to flight
conditions is somewhat simplified by the fact that the
surfaces of present-day aircraft are generally not
smooth or fair enough to sustsin extensive laminar
flow (references 8 and 9). The very large Reynolds
numbers attained in flight might prevent extensive
laminar layers on conventional airfoils even if the
surfaces were ideally smooth. The disturbances created
by the propeller would also tend to cause early transi-
tion on bodies Iocated in the slipstream. It seems safe
to assume, therefore, that the flight boundary layers on
conventional wings and bodies are almost wholly
turbulent except for very limited laminar-flow regions
at the leading edges of the various parts. Methods
will now be discussed of correcting to this sssumed
flight condition the drag data obtained with the smooth
models in the present tests.

Figure 33 shows the effect on the wing boundary
layer of adding a conventional nacelle, both for the
fullscale and the wind-tunnel conditions. The flow
over the area covered by the afterbody A, of the
nacelle is turbulent in flight but laminar in the wind
tunnel, with the result that the reduction in wing
gkin friction due to covering a part of the wing with
the nacelle is less in the tunnel by the amount

_Q‘A1 (Ofmw_ sza-a‘ur)

In the 8foot high-speed tunnel, the interference be-
iween wing and nacelle has been found io cause transi-
tion to teke place on the wing starting at the leading
edge and spreading af an included angle of about 15°
toward the trailing edge (fig. 38). This phenomenon
causes an unfavorable interference drag of magnitude

gAi (Ofmw_ thnhsr)

which does not exist in flight because there the flow
over A; is already turbulent. The total increment of
the effective nacelle drag in the wind tunnel as com-
pared with flight is therefore:

AD =q (AI + Az) (Cf,.,.g..l,.g— thmw)

If the points of transition are known for the tunnel as
well as for the flight conditions, the correction to the

tunnel results can be estimated from the preceding
equation with sufficient accuracy for practical purposes.

In the present tests, the correction was experi-
mentally obtained by comparing the results of tests of
the smooth models with tests of the same models with
transition fixed at the assumed flight locations. In
the second tests, transition was fixed by means of a
0.009-inch thread doped on the wing at the 10-percent-

. \———15 '\f
Fuli-scala
airplone , Model
r Turbulent
flow
Turbulent Tranisition
flow
Transiﬁmx 'L‘"/Zﬁ’f“r
Lc:rrrlfna'-l'r ))
flow
Transifion at nose ‘Scread of turbulence
of cowling - sarme on from disturbanice gt

smooth model as on

full-scale airplane—"" wing -nacelle junctioni

F1oURE 33.—Diagram showing differences in boundary-layer flow on model and foll-
scale wings, and area over which flow becomes turbulent on model owing to addi-
tion of nacela,

chord loeation, on the standard nacelles at the point
of maximum curvature of the cowling nose, and on the

streamline nacefles at the probable location of the
plane of intersection of a spinner and the nacelle

_proper. Figure 34 shows the drag of the standard

nacelles with fixed transition on the wing to be from 10
to 35 percent less than that with natural transition,
the amount depending on the angle of atieck. The
increase in this effect with angle of attack is due to a

corresponding increase in the extent of the laminar

layer on the lower surface of the wing. Figure 35
shows similar results obtained with the streamline
nacelles.

Transition was found io occur for the standard
nacelles at the point of maximum curvature of the
cowling nose on the smooth model. Consequently,
the addition of the thread to the cowling nose had no
effect on the drag; but, with the streamline nacelles,
the addition of the string to the nacelles nearly doubled
the drag (fig. 35), indicating extensive laminar layers
on the streamline nacelles. With transition fixed on
the streamline nacelles, the decrease in drag due to
fixing transition on the wing is shown to be almost

equivalent to that of the standard nacelles through-

out both the angle-of-attack and the speed ranges
(fig. 36). This result is to be.expected because, as
previously shown (fig. 38), the effect is entirely due to
the interference between the wing and the afterbody,
which was the same for both nacelle-nose arrangements.
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FIGURE 34.—Comparison of nacelle drag of standard nacelles (without cooling air)
with natural transition o the wing and with transition fixed at 10-percent chord.
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TFiaore 35.—Comperison of nacelle drag of streamline nacelles with natural trans-

tion on the wing and the nacelle, with fixed transition, and with fixed transition
on the nacelles only.
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HIGH-SPEED TESTS OF A MODEL TWIN-ENGINE LOW-WING TRANSPORT ATRPLANE

The data of figures 34, 35, and 36 are condensed in
figures 37 and 38 as correction factors to be added to
the nacelle-drag data obtained with natural transition

R
o / 2 3 4 5x10®
i 1 T
o
-2*
.y
5Coe A
2.
-02
-3 0 20 'i? 40 .50 .80

FIGURK 37.—Increment of dreg coefiiclent of standard naceiles resulting from a changs
in the location of transition from the natural location on the smooth wing in the
NACA 8foot high-apeed tunne] to 10 percent of the chord. No change ir locatfon
of transition on nacelle.

fixed natural
ACp,~ Cnt{tmnsitlon}—AcDP{mslﬁOni

on wing and nacelles (figs. 15 to 21 and 23). The incre-
ment to be added to the drag of the standard nacelles
(fig. 37) is due only to the changes in wing transition;
it is negative in sign. The increment for the stream-

/
.020 / 2 .|3 f 5x/0¢
— o
T —oe
.o/ _ 2
1
a
-0/ T :
[ .10 20 .30 R 50 .60

M

Frourx 38.—Increment of drag coefficlent of streamline nacelles resulting from a
change In the location of transition on both wing and nacelles from the natursl
Iocatlon In the NACA 8-foot high-speed tumnel to the fixed positions.

fixed natorel
ACp,=Cp !{tmnsltlon]—Ac"r{tmnsiﬂon}

line nacelles is positive (fig. 38) because the increase in
skin friction on the nacelle more than offsets the effects
of changes in wing transition. The correction factors
were determined for the normal nacells position, but
they can probably be applied to the other positions with

smsll error.
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TABLE I—NACELLE ORDINATES
[See fig. 6]

N‘aeelle nose ordl-nn.tea (In.}

Standard cowling Streamline nose
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. Nacelle afterbody ordinates (in.)

High position Normal position Low podition
T Rg Rt Rg RL Ry Re
0 3.50 3.5 5 .50 3.5
2 3.48 3.48 3.48 3.48 3.48
4 3.30 3.30 3.30 3.48 3.30
6 2.90 2.90 312 3.43 3.02
8 2.56 2.56 28 ——— 2.60
10 2,04 204 257 | e 1.08
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TABLE II.—DRAG OF COMPONENT PARTS OF AIRPLANE MODEL

[Percentage of total drag coeffelant at Ad=0.20]

s (°(C=0.2 approximately) am—3%(C=0 approximately)
PART Natural transition Fixed transition Natural transition Fixed transition
M=020 | M=057 | M=m020 | M=057 | M=020 | M=057 | M=020 [ AM=0.87
Btandsrd model
36 37 41 42 35 M ] 38
% o 24 28 M 1 ] ]
18 18 15 15 i8 i9 16 18
'] ¢ 10 2 12 12 13 12
9 12 8 13 [] 11 9 11
2 3 2 2 3 3 3 3
100 106 100 105 100 108 100 108
Improved model
48 49 51 52 47 45 48 40
2 28 25 25 B 20 b 26
12 1l 12 10 15 14 15 14
3 b 7 5 L] ] 8 [ ]
[.] 2 5 ] ] H I} ]
Total Cpoe e 100 ] 100 o 100 95 100 F4




